Several prostate cancer susceptibility loci have recently been identified by genome-wide association studies. These loci are candidates for susceptibility to other epithelial cancers. The aim of this study was to test these tag single nucleotide polymorphisms (SNP) for association with invasive ovarian, colorectal, and breast cancer. Twelve prostate cancer-associated tag SNPs were genotyped in ovarian (2,087 cases/3,491 controls), colorectal (2,148 cases/2,265 controls) and breast (first set, 4,339 cases/4,552 controls; second set, 3,800 cases/ 3,995 controls) case-control studies. The primary test of association was a comparison of genotype frequencies between cases and controls, and a test for trend stratified by study where appropriate. Genotype-specific odds ratios (OR) were estimated by logistic regression. SNP rs2660753 (chromosome 3p12) showed evidence of association with ovarian cancer [per minor allele OR, 1.19; 95% confidence interval (95% CI), 1.04-1.37; P trend = 0.012]. This association was stronger for the serous histologic subtype (OR, 1.29; 95% CI, 1.09-1.53; P = 0.003). SNP rs7931342 (chromosome 11q13) showed some evidence of association with breast cancer (per minor allele OR, 0.95; 95% CI, 0.91-0.99; P trend = 0.028). This association was somewhat stronger for estrogen receptorpositive tumors (OR, 0.92; 95% CI, 0.87-0.98; P = 0.011). None of these tag SNPs were associated with risk of colorectal cancer. In conclusion, loci associated with risk of prostate cancer may also be associated with ovarian and breast cancer susceptibility. However, the effects are modest and warrant replication in larger studies. [Cancer Res 2008;68(21):8837-42] 
Introduction
Breast and ovarian cancer are among the most frequent cancers in women in Western countries, and colorectal cancer is one of the most prevalent cancers that affect both men and women. The known ovarian and breast cancer susceptibility genes, such as BRCA1 and BRCA2, explain <40% of the excess familial risk of ovarian cancer and <25% of the excess familial breast cancer risk (1, 2) . Similarly, the known high penetrance colorectal cancer susceptibility genes, such as APC and the mismatch repair genes, account for <5% of the overall incidence; however, it has been estimated that 35% of colorectal cancer can be due to inherited susceptibility (3, 4) . It is likely that the unexplained excess familial risks for ovarian, breast, and colorectal cancer are due to a combination of multiple low/moderate penetrance genetic variants, which are associated with relatively small effects on risk in the individual but contribute substantially to the overall risk in the population.
Genome-wide association studies (GWAS) using large sets of cases and controls have proven to be an effective approach to identify the common variants that are associated with common diseases without prior knowledge of position or function. This approach has successfully identified novel loci for breast, colorectal, and prostate cancer, as well as for other complex, late-onset disorders (5) (6) (7) (8) (9) (10) (11) (12) . It is clear that some loci confer risk for more than one type of cancer. For example, the high penetrance rare deleterious variants in BRCA1 and BRCA2 increase risk of breast, ovarian, prostate, and other cancers, and deleterious mutations in the mismatch repair genes cause a spectrum of cancers including colorectal, endometrial, gastric, and ovarian. In addition, a common allele on 8q24 identified through a prostate cancer GWAS has shown also be associated colorectal and varian cancer (9, 12, 13) . More than a dozen other prostate cancer susceptibility loci have now been identified from GWAS (see Table 1 ; refs. 8, [14] [15] [16] . The aim of this study was to test 12 of these loci for evidence of association with ovarian, colorectal, or breast cancer. These loci included seven identified by Eeles and colleagues (14) , two additional loci identified by Thomas and colleagues (15) , and one further locus identified by Gudmundsson and colleagues (16) , together with two previously identified loci on chromosome 17 (8) .
study of different epithelial cancers ascertained through the Eastern Cancer Registration and Information Centre (formerly East Anglian Cancer Registry). Eligible cases were those diagnosed under the age of 55 between 1991 and 1996 and those diagnosed under age 70 y since 1996 (17) . Controls were randomly selected from the Norfolk, United Kingdom, component of European Prospective Investigation of Cancer study (EPIC). The ethnic background of cases and controls is similar with >98% being self-reported as White. The Genetics of Familial Breast Cancer Study (GFBCS; 1,499 cases and 1,715 controls) has been described previously in detail (18) . It comprises unrelated cases (index cases) with a family history of breast cancer in close relatives but no close relative with ovarian cancer. These were ascertained through regional cancer genetics clinics in the United Kingdom. Mutations and large deletions/duplications in BRCA1 and BRCA2 had been excluded in the index cases. Controls were ascertained from the 1958 Birth Cohort Study, which is an ongoing study of all persons born in Great Britain, 3 to 9 March 1958 (currently of age 50 y). The study included a recent biomedical assessment during 2002 to 2004 at which blood samples and informed consent were obtained for the creation of a genetic resource. All cases were White, and at least 98% of the controls were of White ethnicity.
To reduce genotyping costs, the breast study samples were divided into two sets: the first set comprising 4,339 cases and 4,552 controls from SEARCH and the second set comprising a further of 2,301 cases and 2,280 controls from SEARCH and the GFBCS samples. Single nucleotide polymorphisms (SNP) that showed marginally significant association in the initial set (P trend < 0.05) were also genotyped in the second set.
The colorectal study, also from SEARCH, comprises 2,148 cases ages between 18 and 69 y and diagnosed since the year 1996. Cancer-free controls (2,265) were recruited from general practices from around the Eastern UK region (19) . Eligible individuals were sex and frequency matched in 5-y age bands to cases. More than 98% of participants are White.
Invasive epithelial ovarian cancer cases and controls came from 4 different studies (total cases 2,085 and 3,486 controls) described in detail elsewhere (20, 21) . Briefly, these were SEARCH (ovarian) from United Kingdom (1,013 cases and 1,235 controls, among them 947 cases and 1,229 controls are White) comprises cases diagnosed under age 70 y since 1998 with controls selected from EPIC as described above. The UKOPS ovarian cancer study (303 cases and 606 controls, among them 293 cases and 600 controls are White) is recruiting incident cases from gynecological oncology National Health Service centers throughout the United Kingdom (January 2006 onwards) and healthy postmenopausal women from the United Kingdom Collaborative Trial of Ovarian Cancer Screening as controls. MALOVA is a population-based study from Denmark comprises 681 incident cases diagnosed from 1994 to 1999 and 1,460 matching controls, from the municipalities of Copenhagen and Frederiksberg, and surrounding counties, 446 cases and 1,221 controls (all are White) were used in this analysis. Finally, the GEOCS study from the United States (325 cases and 429 controls, among them 287 cases, 369 controls are White subjects of European ancestry) comprises consecutively collected cases diagnosed from 1997 to 2002 in the Greater Bay Area Cancer Registry of San Francisco, and matched controls from the same study area using random-digit dial identification. We restricted the analysis to the White subjects of European ancestry for all the ovarian studies.
All studies has ethical approval and all participants provided written, informed consent.
Genotyping. All samples were genotyped using the Taqman 7900HT Sequence Detection System according to the manufacturer's instructions. Assays were carried out in 384-well plates and included 12 duplicate samples in each plate for quality control. Genotypes were determined using Allelic Discrimination Sequence Detection Software (Applied Biosystems). Each assay was carried out using 10 ng DNA in a 2.5 AL reaction using TaqMan universal PCR master mix (Applied Biosystems), forward and reverse primers, and FAM and VIC-labeled probes designed by Applied Biosystems (ABI Assay-by-design). Details of primer and probe sequences and assay conditions used for each polymorphism analyzed are available upon request. Where discordant genotypes were observed in duplicates, the genotyping was repeated. Overall concordance between duplicate samples was over 98%. Individual samples with failed calls were not repeated. Hence, there are variations in the number of samples successfully genotyped for each polymorphism.
Data analysis. Deviation of genotype frequencies from those expected under Hardy-Weinberg equilibrium (HWE) were assessed by m 2 tests (one degree of freedom) for each set of controls as part of the genotyping quality control. The primary tests of association were comparison of genotype frequencies in cases and controls using a trend test for each SNP and ovarian, colorectal, and breast cancer. This was done using unconditional logistic regression stratified by study where appropriate. Odds ratios (OR) for allele dosage and associated 95% confidence intervals (95% CI) were also estimated by unconditional logistic regression. We tested for heterogeneity between study strata by comparing logistic regression models with and without a genotype-stratum interaction term using likelihood ratio tests. A case-only analysis was used to compare genotype-specific risks by disease subgroup.
Results
We genotyped the 12 SNPs in the ovarian, colorectal, and breast cancer case-control studies. The Taqman assay for SNP rs4962416, the SNP used in Thomas and colleagues (15) failed manufacture, and so we replaced it with an assay for a perfectly correlated SNP, rs12769019 (r 2 =1, in the HapMap CEU population). Genotype distributions in controls were consistent with HWE except for rs7501939 in GEOCS (ovary; P = 0.01) and rs12769019 in SEARCH (breast; P = 0.02). Inspection of the cluster plots indicated good discrimination between genotypes, suggesting that these deviations from HWE are likely to be chance observations.
Genotype-specific ORs and tests of association are presented in Table 1 . The observed genotype frequencies for each of the data sets are presented in Supplementary Table S1 . There was no association in controls between age and genotype frequency for any of the SNPs, and age-adjusted genotype-specific ORs were similar to unadjusted ORs (data not shown). None of SNPs tested was associated with colorectal cancer. One SNP, rs2660753 on chromosome 3p12, showed evidence of association with ovarian cancer and another SNP, rs7931342 on chromosome 11q13, was associated with breast cancer.
Carriers of the minor allele of rs2660753 were at increased risk of ovarian cancer (per minor allele OR, 1.19; 95% CI, 1.04-1.37; P trend = 0.012). There was no evidence for between-study heterogeneity (P = 0.88). The log-additive, codominant model fit the data best, but the recessive model also fitted reasonably well (OR minor allele homozygote versus common allele carrier, 2.04; 95% CI, 1.08-3.84; P = 0.028). We limited subgroup analysis to the serous subtype as numbers of the other histologic subtypes were low. The genotypicspecific risks of serous type ovarian cancer, estimated from the combined data, are presented in Table 2 . These were similar to the overall ovarian cancer risks, although the risk for the minor allele of rs2660753 was somewhat stronger: per minor allele OR, 1.29; 95% CI, 1.09-1.53; (P trend =0.003); minor allele homozygote OR, 2.74; 95% CI, 1.35-5.55 (P = 0.005) compared with the common allele carrier. Figure 1 shows the genotype-specific ORs for each ovarian study and for the combined analysis for rs2660753.
SNP rs7931342 was the only one associated with breast cancer risk in the first case-control set, with the minor allele of rs7931342 being associated with a decreased risk of breast cancer (per minor allele OR, 0.93; 95% CI, 0.87-0.98; P trend = 0.01). We therefore genotyped this SNP in the validation samples. There was no association based on these data alone (per minor allele OR, 0.99; 95% CI, 0.92-1.05; P trend = 0.64), but when the data were combined, the association remained significant at the 5% level (per minor allele OR, 0.95; 95% CI, 0.91-0.99; P trend = 0.028). There was no between-study heterogeneity (P = 0.82). Morphology (ductal or lobular) and estrogen receptor (ER) status were available for 5,822 and 3,495 breast cancer cases, respectively, from SEARCH, and we carried out analyses based on these disease subgroups. SNP rs7931342 was associated with decreased risks of ductal breast cancer (per minor allele OR, 0.94; 95% CI, 0.89-0.99; P trend = 0.02) but was not associated with lobular breast cancer (per minor allele OR, 1.03; 95% CI, 0.93-1.13; P trend = 0.57). This difference between ductal and lobular was not statistically significant (P = 0.074). SNP rs7931342 was associated with decreased risk in ER-positive breast cancer (per minor allele OR, 0.92; 95% CI, 0.87-0.98; P trend = 0.011) but was not associated with ER-negative breast cancer (per minor allele OR, 1.02; 95% CI, 0.91-1.14; P trend = 0.73). Again, the difference between risk of ER-positive and ER-negative tumors was not statistically significant (P = 0.09).
Discussion
We have evaluated 12 confirmed prostate cancer-associated loci with breast, colorectal, and ovarian cancer using tag SNPs. In all but two cases, we found no evidence of an association, and the 95% confidence limits exclude the estimated OR for prostate cancer. Thus, most of these susceptibility loci appear to be specifically associated with prostate cancer risk. Two loci, however, showed some evidence of association. We found the minor allele of rs2660753 was associated with an increased risks of invasive ovarian cancer and of serous ovarian cancer in particular. The same allele was also associated with increased prostate cancer risk, with a similar OR ( Table 1) . Support for a common genetic basis for prostate and ovarian cancer comes from the observation that ovarian cancer cases are more likely to report a first-degree relative with prostate cancer than controls (5.1% versus 2.4%; P = 0.00002). The minor allele of rs7931342, associated with a reduced risk of prostate cancer, was also associated with a reduced risk of breast cancer (Table 1) . These results, however, need to be treated with caution. A large number of reported positive associations have not been replicated by subsequent studies (22, 23) . In the literature, it has been estimated that the fraction of false-positive findings is at least 0.95 for studies of association between genetic variants and disease risks (24) . Even if these loci are treated as strong candidate loci, the level of statistical significance decreases short of what would be required to establish clear evidence of association. To explore the likelihood that these results represent true associations, we have computed the false-positive report probability (FPRP) under different assumptions. FPRP depends on the prior probability that a true association exists, the observed level of significance (a), and the statistical power to detect the OR of the alternative hypothesis at the given a (25). As the genome has a very large number of common SNPs, the prior probability of association of a random SNP is very low (<1 in a million). However, the prior probability is likely to be more favorable for rs2660753 and rs7931342 because these two SNPs have already been shown to be strongly associated with a hormonally related cancer, prostate cancer (14) . Among <30 common SNPs shown to Figure 1 . Genotype-specific risks of SNP rs2660753 for ovarian cancer by study in White subjects of European ancestry. A, all ovarian cancer subtypes included; B, analysis restricted to serous type ovarian cancers.
be associated with common cancers, one (rs6983267) has been shown to be associated with multiple cancer types, suggesting that the prior probability for such pleiotrophy many be quite high. The FPRPs for the two associated SNPs under different prior probabilities and the power to detect the association at our observed significance level (a; assuming the true effect size is equal to that observed) are presented in Table 3 . If, for example, we assume the prior to be 1 in 100, the FPRP for association of rs2660753 with serous type of ovarian cancer will be 0.33. This suggests that the association has a reasonable chance of being true and is worthy of additional follow-up (see Table 3 ). The evidence is weaker for rs7931342 with FPRPs of 0.21 and 0.75 for priors of 1 in 10 and 1 in 100, respectively.
Hidden population stratification is an alternative explanation for a spurious association. This occurs when allele frequencies differ between population subgroups and case and controls are drawn differentially from those subgroups. It seems unlikely that population stratification is important in this association study because we restricted our analysis to White subjects with European ancestry for the four ovarian cancer studies used. The two breast cancer studies reported here were both from United Kingdom and largely drawn from the same ethnic groups (>98% were of European ancestry). The extent of population stratification in the British population has been found to be generally modest (5) .
Assuming the results represent true associations, they may either be due to a direct causative effect of the SNPs tested, or may be because these SNPs are markers in linkage disequilibrium (LD) with a functional variant. Neither SNP rs2660753 nor rs7931342 are located within known genes. rs2667053 is situated on chromosome 3p12. The nearest gene is VGLL3 (f70 kb away), which encodes colon carcinoma-related protein. The nearest alternative candidate genes are CHMP2B and POU1F1 in the same side of SNP rs2660753 and are 166 and 198 kb away, respectively. POU1F1 encodes POU domain class 1 transcription factor 1. POU1F1 is a pituitary-specific transcription factor centrally involved in regulating growth hormone (GH) synthesis. It is expressed in normal and human breast tumors and regulates GH secretion and cell proliferation (26) . CHMP2B encodes chromatin-modifying protein 2B. CHMP2B belongs to the chromatin-modifying protein/charged multivesicular body protein family. It has been reported that a mutation in CHMP2B leads to aberrant mRNA splicing in tissue samples from affected individuals with familial frontotemporal dementia (27) . SNP rs7931342 is situated on chromosome 11q13, an area where rearrangements are frequently observed in human cancers. The nearest gene, MYEOV, is 67 kb away but in different haplotype block with SNP rs7931342. MYEOV is a putative oncogene that is frequently amplified in breast tumors and esophageal carcinomas (28) . It often coamplifies with the cell cycle control gene CCND1 (f360 kb away from MYEOV ). MYEOV amplification is correlated with estrogen and progesterone receptor-positive breast cancer, the lobular carcinoma subtype, and axillary nodal involvement (29) . This is consistent with our finding that the association was stronger for ER-positive cases but not with the observation that the association was restricted to cases of the ductal subtype. Increased MYEOV expression is also associated with cell proliferation and invasion in colon cancer cell lines (30) . The effect of this SNP in colorectal cancer was in the same direction and of a similar magnitude to that in breast cancer, but our sample size was much smaller for colorectal cancer and the association was not significant. Although it is plausible that the effects of these functional variants at these loci is to regulate one or more of the local genes, only functional tests will determine if this is the mode of action and which genes are having an active role in cancer development.
We found no evidence of association with colorectal cancer for any of the other 11 SNPs analyzed in our study. Our colorectal cancer study (2,148 cases of 2,265 controls) was able to provide at least 86% power at a type I error of 0.01 to detect a codominant allele with a frequency of 0.3 that confers a relative risk of 1.2. Thus, at the present time, SNP rs6983267 on 8q seems to be unique in being strongly associated with both prostate and colorectal cancer. However, we cannot exclude the possibility that the alleles investigated are associated with smaller risks with colorectal cancer.
In conclusion, we have genotyped 12 prostate cancer-associated SNPs in colorectal, ovarian, and breast cancer case-control studies. We found some evidence for association of SNP rs2660753 on chromosome 3p12 with ovarian cancer and of SNP rs7931342 on chromosome 11q13 with breast cancer risk. None of the 12 SNPs tested were associated with colorectal cancer. The observed associations with ovarian and breast cancer warrant confirmation in larger studies.
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